Abstract. A random rayburst sampling (RRBS) framework was developed to detect the nucleus and cell membrane boundaries in three-dimensional (3-D) space. Raw images were acquired through a full-field optical coherence tomography system with submicron resolution-i.e., 0.8 μm in lateral and 0.9 μm in axial directions. The near-isometric resolution enables 3-D segmentation of a nucleus and cell membrane for determining the volumetric nuclear-to-cytoplasmic (N/C) ratio of a single cell. The RRBS framework was insensitive to the selection of seeds and image pixel noise. The robustness of the RRBS framework was verified through the convergence of the N/C ratio searching algorithm. The relative standard deviation of the N/C ratio between different randomly selected seed sets was only 2%. This technique is useful for various in vitro assays on single-cell analyses.
Segmentation of nucleus and cytoplasm of a single cell in three-dimensional tomogram using optical coherence tomography 
Introduction
Single-cell morphology is important in differentiating disease conditions from normal. In particular, the nuclear-to-cytoplasmic (N/C) ratio is an important feature to distinguish cancer cells from normal counterparts. In conventional cytopathology, cells printed or smeared on a glass slide were stained and then evaluated by two-dimensional (2-D) images through light microscopy. In recent years, many emerging optical technologies-optical coherence tomography (OCT) 1,2 and digital holography-have provided three-dimensional (3-D) cell morphology. 3 3-D volume tomograms, compared with 2-D images, are more accurate in presenting cellular volume and morphology. Estimating N/C ratio, important to discriminate cancer cells from the normal counterpart, is a challenging task for 2-D imaging modalities. The 2-D N/C ratio was not reliable because the 2-D microscopy showed only a random tangent plane of cells. A more accurate estimation of N/C ratio is often derived from summarizing N/C ratios from different section planes, which is a laborious job. Higher harmonic generation microscopy, which detects the second and third harmonic generation fluorescence, can estimate the volumetric N/C ratio of a group of cells in a single observing plane, but not single-cell N/C ratio. 4 To overcome the drawback of the aforementioned 2-D imaging modalities, an instrument that provides isometric high resolutions in both axial and lateral directions is needed. OCT is an optical device that provides depth-resolved 3-D images, which derives from interference signals between backscattered light from the tested samples and reference mirror. OCT has been widely used in ophthalmology for retina imaging but has recently been applied for single-cell imaging. 5 The N/C ratio is a critical feature for evaluating whether cells are normal or cancerous. 6, 7 If the cells undergo physiological changes such as apoptosis and cancerous development, then the N/C ratio changes. For example, the nuclear volume and the N/C ratio of melanoma are larger than those of melanocytes. 8 Therefore, the N/C ratio is a helpful indicator for the different stages of a single cell. Among the techniques that provide cellular resolution in lateral direction-microcomputed tomography, fluorescence microscopy, confocal fluorescence microscopy, and OCT-only OCT offers a cellular resolution in the axial direction. Full-field optical coherence tomography (FF-OCT) is a variant of OCT that achieves a submicron resolution in both axial and lateral directions. 9 FF-OCT illuminates the whole field and captures the interference signals by a CCD or CMOS camera, greatly enhancing the imaging speed. 10 Furthermore, the axial resolution and lateral resolutions are almost the same (isometric), enabling FF-OCT to provide both high-resolution cross-sectional (x-z and y-z planes) and en face (x − y plane) images that reflectance confocal microscopy cannot deliver. 9 FF-OCT is a label-free technology and its tomographic images can be used for subsequent quantitative analysis. Taken together, these features make FF-OCT an ideal tool for single-cell imaging. [10] [11] [12] [13] [14] The light source of the FF-OCT used in this study has low incident power, is incoherent, is continuous in the time domain, and has a wide bandwidth in the frequency domain. The incident power of our FF-OCT system was 3 mW (focal spot size about 440-μm diameter). Its high resolution in the axial direction depends on the bandwidth of the light source. The light source output is generated by a Ce 3þ ∶YAG single-clad crystal fiber, pumped by a 446-nm laser diode, yielding a broadband light of a 560-nm central wavelength and a 95-nm bandwidth.
The current FF-OCT system provides 0.8-μm lateral and 0.9-μm axial resolutions.
To analyze the 3-D volumetric data acquired by FF-OCT, both one-dimensional (1-D) and 2-D transfer functions are inadequate. [16] [17] [18] 1-D transfer function with volume rendering is not only insufficient to analyze the whole cell volume but also has difficulty delineating nuclear and cell membranes. 2-D and multidimensional transfer functions also encounter similar hurdles, as these transfer functions are unable to handle the intracellular refractive index changes recorded in OCT data.
Rodriguez et al. 19 reported the first rayburst sampling algorithm applied to 3-D neuronal morphometry in 2006. To identify the precise position of the nucleus and cytoplasm easily without specific expertise, we utilized this algorithm and proposed a random rayburst sampling (RRBS) framework. RRBS can detect the boundaries of the nuclear and cell membranes in 3-D space acquired by FF-OCT and separate volumetric data into three parts: nucleus, cytoplasm, and area outside the cells. After RRBS framework processing, the precise spatial distribution of the nucleus and cytoplasm is labeled as a numerical probability density. The quantified parametersvolume size, surface area, surface morphology of the nucleus and cytoplasm, and volumetric N/C ratio-can be calculated easily. Supplementary numerical information is useful for statistical analysis of the cells.
Methods
A single cell [ Fig. 1(a) ] contains a nucleus, cytoplasm, and cell membrane along with organelles inside the cytoplasm, such as mitochondria and the Golgi apparatus. The signal of OCT represents the refractive index changes of material in 3-D space, and the expected scan result of OCT is provided in Fig. 1(b) . However, because of resolution limit and background noise, the OCT scan result appears more similar to Fig. 1(c) . A typical intensity profile of the distance between points A and D in Fig. 1(c) is shown in Fig. 1(d) . The two peaks in Fig. 1(d) represent the boundaries of the nucleus and the cell membrane [points B and C, respectively, in Fig. 1(c) ].
The 3-D volumetric data scanned through FF-OCT cannot directly reveal the center of the nucleus. The intensity of the OCT signal represents the refractive index change in 3-D space. The stronger the OCT signal, the larger the refractive index change in 3-D space. According to this physical characterization, we detect the boundaries of the membranes (nuclear and cell membranes) in 3-D space, and then on the basis of these reference points, depict the boundaries. After the processing of the RRBS framework, each voxel of 3-D volumetric data can be labeled as three types: inside the nucleus, inside the cytoplasm, and outside the cell.
The FF-OCT used in this study provides isometric submicron resolutions-lateral (0.8 μm) and axial (0.9 μm)-which allow the system to provide high-resolution images in both cross-sectional (x − z and y-z planes) and en face (x-y plane) directions. Figure 2 shows en face images of a human keratinocyte suspended in gel scanned by FF-OCT. Figure 3 shows the FF-OCT and Zeiss LSM 510 meta confocal microscope scanning result of the melanocyte. Human keratinocytes and melanocytes isolated from human skin specimens were suspended in gel, and then acquired by the FF-OCT. The study protocol was approved by the institutional review board of National Taiwan University Hospital. Signed consents were obtained from patients before skin sample collection.
The framework and its verification method are discussed in the next section. The flow of the RRBS framework (Fig. 4) comprises the following four steps (Fig. 5 ):
• Step A: applying Gaussian and bilateral filters; 20 
•
Step B: randomly generating seeds;
• Step C: applying rayburst sampling to detect the voxel with the local maximum intensity; and
Step D: labeling voxels in the whole volume as inside the nucleus, inside the cytoplasm, and outside the cell to generate segmentation results.
2.1
Step A: Filtering
In this step, digital filters-Gaussian filter and bilateral filter 20 are applied to the volumetric data in 3-D space. The Gaussian filter is an impulse response of a Gaussian function. The intensity value of each pixel in an image is replaced by a weighted average of intensity values from nearby pixels. The Gaussian function is expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 1 6 6 Gðx; σ G Þ ¼ e 
where x is the coordinate of a discrete point and b is the coordinate of the center point. Both x and b are in 3-D space. The Gaussian filter is applied to original volume data V, generating filtered volume data V G , which is used to select qualified seeds in step B. A crucial parameter, σ G , is associated with the spatial frequency. In this study, we employ the Gaussian filter to remove the high spatial frequency signal and to preserve the low spatial frequency signal. The spatial frequency of the nuclear membrane is higher than that of the cell membrane. The spatial frequency of the nuclear membrane is set as the cutoff frequency of the Gaussian filter. The cutoff frequency of a Gaussian filter is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 1 9 7 f c ¼
where F s is the sampling rate. In this study, the diameter of the nucleus was ∼9 μm. According to Eq. (2), the appropriate σ G is 1.43 μm. The bilateral filter is an edge-preserving and noise-reducing filter. The function of the bilateral filter is expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 9 8B
ðx; σ bd ; σ br Þ ¼ e 
where x is the coordinate of a discrete point and b is the coordinate of the center point. Both x and b are in 3-D space. Furthermore, σ bd is a coefficient for controlling the decay rate depending on the distance between the discrete and center points, whereas σ br is a coefficient for controlling the decay rate depending on the intensity differences between the discrete and center points. Moreover, vðxÞ is the intensity at position x, and vðbÞ is the intensity at position b; both are normalized to 0 to 255. The parameter σ bd in Eq. (3) is the same as σ G in Eq.
(1). The parameter σ br in Eq. (3) is associated with the level of noise that must be removed. The intensity difference between neighboring pixels of noise is assumed to be ΔI.
The relationship between ΔI and σ br is expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 1 2 0
According to Eq. (4), the appropriate σ br for noise level ΔI ¼ 3 is 0.989. Figure 6 shows the application of the 3-D Gaussian and bilateral filters. For the original FF-OCT volumetric data V applied by the 3-D Gaussian and bilateral filters, the results are denoted as V G and V b , respectively.
Step B: Randomly Selecting Seeds
In this step, we employ rayburst sampling. 19 The goal of this step is to select a certain number of qualified voxels N S inside the nucleus randomly. The OCT volumetric data of a single cell in Figs To increase the efficiency, both spherical ðr; θ; φÞ and Cartesian ðx; y; zÞ coordinate systems are employed. A voxel inside the nucleus is randomly selected as a center point, and then, a rayburst kernel is generated. Each ray passes inside out, and intensity profiles of each ray can be obtained.
The parameter Δd is assumed to be an angle separated in θ and φ directions. If the rayburst kernel condition is Δd low resolution ¼ 90 deg, then six rays are generated, with the In this step, voxels in V G are randomly selected and six rays with Δd low resolution ¼ 90 deg are generated. Subsequently, ðα; β; γÞ are randomly generated as Euler angles, and the rayburst kernel is rotated according to a sequence of intrinsic rotations ðz; x 0 ; z 0 0 Þ. Therefore, the rayburst kernel has random positions and rotation angles in 3-D space. This rayburst kernel contains six rays from inside out, and each ray can generate an intensity profile from V G . The donut signature is evaluated according to these six intensity profiles, and a diagrammatic threshold, t B , is assumed; if the maximum intensity of each intensity profile is greater than t B , then the seed (voxel) is considered to be inside the nucleus and qualified. These qualified voxels are considered qualified seeds. Finally, N s qualified seeds are selected.
Step C: Detecting Boundaries
In this step, the N s seeds are used to locate the boundary points of the nuclear membrane and cell membrane. According to the fundamentals of OCT, the intensity peak represents the refractive index changes in 3-D space. From the perspective of cell physiology, the refractive index changes can represent the following:
1. the boundary of the nuclear membrane;
2. the boundary of the cell membrane; or 3. the organelles in the cytoplasm. D) , on which the 3-D bilateral filter was applied. In other words, the RRBS framework randomly selected a seed inside the nucleus and then generated two rays from this seed parallel to the en face plane. The intensity profiles of these two rays are shown in Fig. 7(b) . The location of the reflective index changes in 3-D space was determined by detecting the local maximum peak of the intensity profile. In Fig. 7(b) , the innermost (points A and C) and outermost (points B and D) peaks are the boundaries of the nuclear membrane and cell membrane, respectively. Each ray is expected to detect two boundary points-the nuclear membrane and cell membrane. If the condition of the rayburst kernel is Δd high resolution ¼ 5 deg, then the 2522 rays will detect 2522 inner boundary points as a point cloud set for the nuclear membrane and will detect 2522 outer boundary points as a point cloud set for the cell membrane. Because the N s seeds inside the nucleus are randomly selected in step B, each seed generates a randomly rotated rayburst kernel, and each rayburst kernel detects inner and outer boundary point cloud sets. These 2N s point cloud sets determine the space distribution of the nucleus and cytoplasm and their boundaries in step D.
The FF-OCT system detects the backscattered light from large organelles like Golgi body, mitochondrion, and endoplasmic reticulum in the cytoplasm. As shown in Fig. 3 , there are signals that marked out the cytoplasm area. The nucleolus varies in size, ranging from 0.2 to 3.5 μm, depending on the types of cells and the metabolic status of cells. [21] [22] [23] [24] A large, prominent nucleolus might generate sufficient backscattering signals to be detected in the FF-OCT system. Under light microscopy, hyperchromatism (the presence of excess chromatin or nuclear staining that resulted in optical inhomogeneities) of the nucleus in hematoxylin and eosin stained slides may represent the increased cell metabolism (i.e., DNA replication) and serve as an indicator for cancerous cells. However, there is little signal detected in the nucleus area in our FF-OCT. The main reason is that the genetic materials in the nucleus are loosely arranged in the forms of DNA (2 nm), nucleosome (10 nm), 25, 26 and chromatin fiber (30 nm) during most of the time (cell cycle). Therefore, the typical dimensions of the genetic materials in the nucleus are too far off from the incident wavelength centered at 560 nm. The scattering coefficient is too low for our FF-OCT system to detect. Only when the X-shaped chromosomes (about 1400 nm) are formed during a very short period of mitosis, could these genetic materials generate backscatter signals strong enough to be detected. As a result, our scanning result usually does not detect the genetic material in the nucleus but can detect the signals backscattered from the organelles in the cytoplasm.
Sometimes, the volumetric OCT signals are relatively noisy. Although we used a 3-D bilateral filter to remove noise and refine the signal, an unexpected small noise dot remained inside the volumetric data, impairing the boundary detection in step C and resulting in incorrect labeling in step D [ Fig. 8(a) ]. However, if another seed is randomly selected (in step B) and regenerates a rayburst kernel (in step C), the noise interference might be prevented to obtain the correct boundary point (in step C) and labeling result [in step D; Fig. 8(b) ].
Step D: Labeling
In this step, the nuclear membrane and cell membrane point cloud sets separate the volumetric data into three parts: the nucleus, the cytoplasm, and the area outside the cell. In other words, each voxel can be in any one of these three areas in 3-D space. Our goal is to determine the voxels' 3-D space distribution. Figure 9 shows a schematic diagram of the labeling process. The S i denotes the i'th seed in the volume generated randomly in step B. The coordinates of any voxel inside volume V are denoted as X. The line segment between points S i and X is denoted as S i X and its distance as dðS i ; XÞ. The ray starting from S i , passing through X, and extending to the boundary of the volume is denoted as S i X ⇀ . In Fig. 9(a) , let the S i be the observation center and use a spherical coordinate system to construct a cone with a solid angle Ω. The resultant cone covers a part of the inner and 3. D O ij < dðS i ; XÞ: the voxel X is outside the cell and denoted as 2.
After a repeat voxel-by-voxel calculation, the role type of every voxel inside volume V, denoted as V si , i ¼ 0 ∼ ðN S − 1Þ, is obtained. Each voxel in V si is noted as a number (0, 1, 2).
With each voxel from a volume labeled with one of three role types and denoted as an integer number (0, 1, 2), one labeled volume V si is obtained from the seed S i . Repeating the same sequence yields N s -labeled volumes V si obtained from N s seeds S i . Because these N s results of V si are not always identical, expressing the segmentation results as a probability is a suitable approach. The volume V si ∈ Z is averaged, and V s ∈ R∶0 ≤ V s;voxel ≤ 2 is obtained. The role type of each voxel is not denoted as an integer Zð0; 1; 2Þ, but as a rational number Rð0 ∼ 2Þ. For example, the role type of a voxel may be not 100% in the nucleus or cytoplasm but 20% in the nucleus and 80% in the cytoplasm. Thus, the probability representation is a suitable approach. We divide this real number range ð0 ∼ 2Þ into three intervals:
1. 0 ≤ V s;voxel ≤ 0.5: the voxel is inside the nucleus; 2. 0.5 < V s;voxel ≤ 1.5: the voxel is inside the cytoplasm; and 3. 1.5 < V s;voxel ≤ 2: the voxel is outside the cell. Figure 10 shows the concept of the probability density and its use for separating three parts from a single cell. Figure 11 shows en face segmentation results with legend for a keratinocyte at different depths (z-axis) from left to right and top to bottom. Table 1 summarizes all the parameters used in the RRBS framework. 
Feature Extraction
After execution of the RRBS framework, the exact 3-D space distribution of the nucleus and cytoplasm of a single cell is calculated and located. The volume size of the nucleus (N volume ) and the cytoplasm (C volume ) and the volumetric N/C ratio can be calculated easily by using the following equations:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 1 1 4 N volume ¼ nðfV s j0 ≤ V s ≤ 0.5gÞ;
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 8 1C volume ¼ nðfV s j0.5 < V s ≤ 1.5gÞ;
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 3 2 6 ; 7 4 1 volumetric N∕C ratio ¼ N volume ∕C volume :
Other features that can be extracted from the signal intensity and 3-D morphology include the average, standard deviation (SD), maximum and minimum kurtosis, skewness, and dynamic range of the nucleus and cytoplasm. By using the RRBS framework, volumetric data can generate more quantized information for cell classification or other statistical analyses.
Appropriate Parameters
In the RRBS framework, the parameters to be set manually are N s , σ G , σ bd , σ br , I b , and t B . The threshold in step C, t C , is automatically set by averaging the voxel intensity of all seeds S i . Other default parameters are Δd low resolution ¼ 90 deg and Δd high resolution ¼ 5 deg.
A user must adjust the parameters σ G , σ bd , and σ br according to Eqs. (2) and (4). After parameter adjustment, the parameters of the 3-D Gaussian and bilateral filters used in step A can be used with different samples, measured under the same conditions. The value of the parameter t B in step B only slightly affects the segmentation results. The t B value affects the position of seeds S i because t B determines the voxel present inside the nucleus. The positions of seeds are randomly selected and the final segmentation result in step D relies on numerous qualified seeds S i ; a group of seeds, but not a single seed, can determine the segmentation results. The parameter t C in step C is generated automatically by averaging the voxel intensity of all seeds S i . Finally, the I b remains to be determined. We performed a series of verification tests to evaluate the most favorable I b : randomly selected qualified seeds (N s ¼ 10) first, then changed only the value of I b , executed the RRBS framework, and calculated the volumetric N/C ratio. As shown in Fig. 13(a) , when I b ¼ 8 to 32, the relative standard deviation (%RSD) of the volumetric N/C ratio tended to be in the stable phase. When executing the RRBS framework, 10 qualified seeds were randomly selected. The volumetric N/C ratio was calculated after segmentation. As shown in Fig. 13(b) , when I b ¼ 10 to 21, the %RSD of the volumetric N/C ratio tended to be in the stable phase. Based on Figs. 13(a) and 13(b), when we randomly selected another qualified S i seed and executed the RRBS framework, the %RSD of the N/C ratio between different randomly selected seed sets was 2%. The same parameters can be used for another sample, scanned using the same instrument under the same measurement conditions. Since the RRBS framework is automatic in seed selection, even a novice can use the RRBS framework easily and obtain the results as shown in Fig. 12(a) .
Results

Implementation
The present framework is developed through LabVIEW and CUDA parallel computing. Parallel computing has been applied to many fields and excellent results have been obtained. 27, 28 Computations were conducted on a laptop with the Intel i7-3720QM CPU (6M Cache, 2.6 GHz), an 8-GB RAM, and an NVIDIA NVS 5200M graphics card. The total processing time per volume was 4 min, and the performance bottleneck was in step D. We applied parallel computing techniques using CUDA and the NVIDIA graphics card to the 3-D Gaussian and bilateral filters in step A and the labeling procedure in step D. For the 3-D Gaussian and bilateral filters, computing using a graphic processing unit, it was 98 times faster than that of using a CPU; however, for the labeling procedure, it was only up to 7.2 times faster. After RRBS framework processes, the volumetric data were transferred from V to V s , and we used Voreen 29 to render V s with 1-D transfer function. No particular adjustment is required for the transfer function when rendering the boundaries of the nuclear membrane and cell membrane, except for changing the color or thickness of boundaries. The volume rendering results are shown in Fig. 12. 
Validation
In this study, we scanned a keratinocyte (Fig. 12) , and en face images at different depths in the z-axis are shown in Fig. 2 . From the FF-OCT and RRBS framework results, the volumetric N/C ratio of the keratinocytes is 0.211.
Effect of the iteration number of the bilateral filter
Although using digital filters (Gaussian filter and bilateral filter) can suppress high-frequency noise, the trade-off is the reduced spatial resolution. The 3-D bilateral filter is a digital filter that reduces noise and maintains the edge. As shown in Eq. (3), the parameter of the bilateral filter is σ bd and σ br , where σ bd is same as σ G in Eq. (1) . Based on the actual sample situation, spatial frequency of nucleus, and noise level, we calculated the appropriate σ bd and σ br according to Eqs. (2) and (4). To reduce noises, the appropriate iteration number for bilateral filter is necessary. As Figs. 13(a) and 13(b) show, when the iteration number I b of the 3-D bilateral filter increased, the %RSD of volumetric N/C ratio tended to converge to a stable value. However, with increasing I b , the volumetric N/C ratio began changing. We believe that when stable %RSD of the volumetric N/C ratio was reached, I b was optimized.
Effect of seed selection
The RRBS framework involves randomly selecting N s seeds, generating a rayburst kernel depending on these seeds as the center, detecting boundary points, and labeling each voxel. Finally, the probability density is obtained as the segmentation result. On the basis of the labeling result, we can calculate the volumetric N/C ratio.
As shown in Fig. 13(b) , the %RSD of different randomly selected seed sets was only 2%. As the number of the 3-D bilateral filter iteration increases, the calculated %RSD of the volumetric N/C ratio from different seed sets reduces. Therefore, the segmentation result is independent of the randomly selected seed set. When we randomly selected another seed set, its effect on the volumetric N/C ratio was very small.
Effect of seed number
A major strength of the RRBS framework is the randomly selected seeds and their use as centers to create rayburst kernels. Figure 13(c) shows that as the number of seeds N s increased from 2 to 20, I b ¼ 12, the %RSD of different randomly selected seed sets decreased. The appropriate number of seeds is greater or equal to 10. As shown in Fig. 13(c) , when N s ¼ 10, the % RSD was about 2%; when N s > 10, the %RSD remains at a stable level of 1.25%. Thus, the %RSD decreases as N s increases. If N s ¼ 20, then the %RSD is about 1%. This result suggested when the seed number is greater or equal to 10, it no longer affects the segmentation results.
N/C ratio estimation: comparison of 2-D and 3-D scanning
In 3-D tomography scanning, we can calculate the volumetric N/C ratio of a single cell through the RRBS framework. However, if we have only 2-D images of the cells, we can calculate only the volumetric N/C ratio from a group of cells, but not a single cell. Figure 12 shows that the volumetric N/C ratio of a keratinocyte is 0.211. This volumetric N/C ratio calculated from a single cell was scanned through FF-OCT. To obtain the accurate results using 2-D images of keratinocytes, we randomly generated a tangent plane passing through the cells from Fig. 12(a) and summarized the total area of the nucleus and cytoplasm from each tangent plane to calculate the volumetric N/C ratio from the tangent plane. The simulated volumetric N/C ratio calculated from 2-D images is shown in Fig. 14 . To obtain an accurate (error percentage <1%) N/C ratio from a 2-D image, more than 30 exactly identical cells must be present in the 2-D plane field of view. To obtain a precise (%RSD < 5%) N/C ratio from a 2-D image, more than 500 exactly identical cells must be present in the 2-D plane field of view. During the measurement of actual biological samples, it is cumbersome to perform numerical image analysis of more than 500 tangent plane images of cells.
Conclusion
We present a reliable RRBS framework for extracting and reconstructing boundaries of the nucleus and cell by using volumetric data acquired by FF-OCT. The RRBS framework, when compared with 1-D or 2-D transfer functions, is relatively easy to employ and produces more reliable segmentation results. The transfer functions are more complex when applied to detect the nucleus and cell boundaries of a single cell from volumetric data. Furthermore, RRBS yields a consistent result. The %RSD from different seed sets was as low as 2%.
With RRBS, the nucleus and cytoplasm of a single cell would be segmented in an efficient and automatic manner.
A plethora of parameters-the volume size of the nucleus and cytoplasm, the areas of the nuclear and cell membranes, and the volumetric N/C ratio-could be extracted from 3-D single-cell tomogram by RRBS analysis. These quantitative parameters provide valuable tools to study the physiological or pathological status of a single cell. Based on the features extracted by RRBS, a computer algorithm could be designed to differentiate disease (cancer) cells from normal cells. This would broaden the application of 3-D single-cell morphology in the biomedical field.
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